. We hypothesized that the presence of the long CT serves to stabilize the metastable conformation of the F protein. We observed that the hemifusion, cytoplasmic content mixing, and syncytium formation ability of the wild-type SER virus F coexpressed with the SER virus hemagglutinin-neuraminidase (HN) protein was enhanced, both qualitatively and quantitatively, at elevated temperatures. We also observed enhanced hemifusion, content mixing, and syncytium formation in SER virus F-and HN-expressing cells at reduced pH conditions ranging between 4.8 and 6.2. We have obtained evidence that in contrast to other paramyxoviruses, entry of SER virus into cells occurs by a low-pH-dependent process, indicating that the conversion to the fusion-active state for SER virus F is triggered by exposure to reduced pH.
Enveloped viruses enter host cells by fusion of the viral membrane and a cellular membrane. For many enveloped viruses, such as orthomyxoviruses, rhabdoviruses, and togaviruses, membrane fusion occurs in the endosome after the viral fusion protein has been activated at low pH. However, other viruses such as paramyxoviruses and some retroviruses fuse with the cellular plasma membrane at neutral pH (3, 4, 36) . Fusion mediated by most paramyxoviruses requires the interaction of two virion-associated glycoproteins, the hemagglutinin-neuraminidase (HN) that mediates viral attachment and the F protein that mediates subsequent fusion (11, 21) . The events that trigger membrane fusion activity by viruses differ significantly for various fusion glycoproteins. In influenza virus, the hemagglutinin (HA) protein is activated to a fusion-competent state by exposure to an acidic environment to refold into its minimal energy state (5, 30) . Human immunodeficiency virus (HIV) fusion activity is triggered at neutral pH by association of gp120 with its cellular receptor-coreceptor complex (16, 24) . The paramyxovirus F protein is thought to be triggered upon receptor binding by the HN protein (23, 33) . The cytoplasmic tail (CT) domain of viral fusion proteins has also been shown to play a regulatory role in membrane fusion. For simian immunodeficiency virus, HIV type 1 (HIV-1), and HIV-2, truncation of the CT causes increased syncytium formation (10, 13, 25, 29, 49) . Elongation of the CT of influenza virus HA has been shown to interfere with the formation and enlargement of fusion pores (27) , and deacylation of the CT of HA suppresses syncytium formation but has no effect on lipid mixing and calcein transfer (15) . For paramyxoviruses, F protein CT truncations in Newcastle disease virus (NDV) and human parainfluenza virus type 3 resulted in greatly reduced syncytium formation (34, 47) , whereas truncations of the CT of measles virus caused increased syncytium formation (6) . Deletion of the CT of the simian virus 5 (SV5) F protein inhibited fusion pore enlargement (12) . The R peptide, consisting of the C-terminal 16 amino acids of the envelope protein of murine leukemia virus, is known to be inhibitory to membrane fusion (18, 22, 32, 45, 46) . Truncation and mutations in the murine leukemia virus Env protein showed that the CT and the membrane-spanning region of Env can influence the overall structure of the ectodomain of the protein and that the R-peptidetruncated form of Env exhibited a conformation markedly different from that of the full-length protein (1) . Truncation of the CT region of the gB protein of herpesvirus also results in an increase in its cell surface expression and syncytium formation (14) .
SER virus is a recently identified virus (20) that was isolated from aborted pigs with porcine respiratory and reproductive syndrome. This virus belongs to the family Paramyxoviridae, genus Rubulavirus, and is very closely related to SV5 but replicates without causing syncytium formation (39) . Comparison of the CT sequences between SV5 F (WR strain) and SER virus F revealed the presence of a stop codon at amino acid position 530 in the SV5 F CT that is followed by a 21-aminoacid sequence identical to that of the extended CT of SER virus F. This suggests that SV5 evolved as a more fusogenic virus from a progenitor virus resembling SER virus. In previous studies, it was found that truncation or specific mutations in the long CT domain of SER virus F enhanced the ability to cause syncytium formation (35, 39) . Since SER virus is infectious and grows in MDBK cells to titers similar to those seen for SV5, its glycoprotein must be able to support virus entry even though it is unable to induce syncytium formation. We hypothesized that the presence of the long CT in the SER virus F protein serves to stabilize the metastable conformation of the F protein and hence restrict syncytium formation. If this is the case, the conversion to the fusion-active conformation may not occur as efficiently at neutral pH or physiological temperature but may be triggered by exposure to reduced pH or increased temperature. For the present report, we studied the effects of elevated temperature and various pH conditions on SER virus F-induced membrane fusion and we also determined whether the entry of SER virus into cells occurs by a low-pH-dependent process.
BHK21 and MDBK cells were maintained in Dulbecco's modified minimal essential medium supplemented with 10% fetal calf serum (HyClone Laboratories, Logan, Utah). The recombinant vaccinia virus vTF7-3 was kindly provided by Bernard Moss (National Institutes of Health, Bethesda, Md.). The pGEM-3-SER F, pGEM-3-SER HN, and pGEM-3-L539,548A plasmids characterized previously (37, 39) were expressed in BHK21 cells. Rabbit anti-SV5 antibody was a kind gift from R.A. Lamb (Northwestern University). SER virus was propagated in MDBK cells, and the virus titers were determined (using guinea pig erythrocytes [RBCs] ) by hemagglutination assay (39) . Bafilomycin A and ammonium chloride were obtained from Sigma (St. Louis, Mo.).
Guinea pig RBCs were labeled with the hydrophobic fluorescent dye R18 (Molecular Probes, Eugene, Oreg.) or calcein AM (Molecular Probes, Leiden, The Netherlands) as described by Bagai and Lamb (2) . Hemifusion, calcein transfer, and syncytium formation assays were performed in various temperature and pH conditions with BHK21 cells coexpressing the wild-type (wt) or mutant F and HN proteins.
Effect of temperature on hemifusion, content mixing, and syncytium formation. To study whether the SER virus F protein requires additional energy for fusion activation of the metastable state, the effect of elevated temperature on the fusion activity of the SER virus F protein and coexpressed SER virus F and HN proteins was determined at various temperatures from 22 to 65°C. Extensive dye transfer of both R18 and calcein to large syncytia was seen in cells expressing recombinant F/HN that were briefly incubated at temperatures of 45°C or higher (Fig. 1A) , whereas no transfer was observed when cells with labeled adsorbed RBCs were incubated at 22 or 30°C. At incubation temperatures of 37 and 39°C, some dye transfer (restricted to single cells) was observed. Dye transfer to smaller syncytia was observed at 41 and 43°C. The labeled syncytia appeared larger at temperatures of 55 or 65°C than at 45 to 47°C. At temperatures higher than 65°C, data were not obtained due to increased cytopathology. Vaccinia virus-infected and mock-transfected cells served as negative controls and showed no dye transfer. In the absence of HN, the SER virus F-expressing cells did not show any lipid mixing or calcein binding at higher temperatures (data not shown).
The extent of hemifusion and calcein-binding activities was assayed quantitatively by counting the number of labeled syncytia averaged over 10 fields, and fusion was expressed as the number of lipid-mixing and content-mixing events per microscopic field (Fig. 1B and C) . Both hemifusion and content mixing showed an increase at elevated temperatures. It was observed that the extents of lipid-mixing and content-mixing events were fairly coincident and were found to increase with temperature, reaching maximal level at 65°C. In contrast, a mutant SER virus F, L539,548A, which had been shown earlier to induce extensive dye transfer at 37°C (35) , showed no significant increase at higher temperatures (Fig. 1C) . These results provide evidence that increased temperature enhances the quality and the quantity of the hemifusion and contentmixing events.
To study the effect of elevated temperature on cell-cell fusion, BHK21 cells which transiently expressed SER virus F/HN glycoproteins were exposed to various temperatures for a brief interval. Extensive cell-cell fusion was observed when cells expressing SER virus F/HN glycoproteins were exposed to higher temperatures of 45°C and above ( Fig. 2A) . As observed in hemifusion and calcein-binding experiments, the syncytia were found to be larger with incubation at 55 or 65°C. These results indicate that polykaryon formation in SER virus F/HNexpressing cells is also triggered by an increase in temperature.
Effect of pH on hemifusion, content mixing, and syncytium formation. To study the effect of reduced pH on different stages of cell fusion, we assayed syncytium formation, lipid mixing, and content mixing under various pH conditions ranging from pH 4.0 to 7.4 on BHK21 cells coexpressing wt SER virus F/HN proteins ( Fig. 2B and 3 ). Vaccinia recombinant virus-infected BHK21 cells expressing wt or mutant influenza virus HA proteins have been used to study the effect of pH change on membrane fusion, and it was shown that vaccinia virus does not induce low-pH-dependent fusion in this cell type (7, 38) . Extensive syncytia were seen in SER virus F/HN-expressing BHK21 cells exposed to buffers with pH ranging from 4.8 to 6.0, but the size and the number of syncytia decreased at pH above 6.0 and no syncytia were observed at pH 6.4 or above (Fig. 2B) . No syncytium formation was observed at pH of 4.6 or below (data not shown). These results indicate that a decrease in pH to the range of 4.8 to 6.0 is a trigger for SER virus F-induced syncytium formation activity. We observed significant dye transfer from labeled RBCs to SER virus F/HNexpressing cells incubated at pH 4.8 to 6.2 (Fig. 3A) . We observed minimal dye transfer (of both R18 and calcein) restricted to single cells in pH conditions between pH 6.4 and 7.2. Cells expressing SER virus F in the absence of SER virus HN did not show any dye transfer (data not shown). The SER virus L539,548A mutant, which has been found to trigger extensive dye transfer under normal physiological pH conditions, showed extensive lipid mixing, calcein transfer, and cell fusion under a broad range of pH conditions (data not shown). The extent of hemifusion and content mixing was further assessed by determining the number of labeled syncytia averaged over 10 fields; the fusion results are expressed as the number of lipid-mixing and content-mixing events per microscopic field. The maximal dye transfer (representing the fusion events) was observed between pH 5.0 and 5.6, whereas, with an increase in pH to 7.2, dye transfer was significantly reduced (Fig. 3B and  C) . These results suggest that there is an acid-induced change of the metastable conformation of the SER virus F protein to a fusion-active state. SER virus entry process. We further investigated the process of virus entry into host cells to determine whether SER virus entry is low-pH dependent. A low-pH-dependent step in virus entry can be demonstrated by the use of compounds that raise the pH in endosomes. The high specificity of bafilomycin A1 (BFLA1) in the inhibition of vacuolar ATPase (9) and the fact that very low concentrations of this compound were observed to inhibit entry of influenza virus, Semliki Forest virus, and Sindbis virus (17, 19) indicate that this compound is useful for investigating enveloped virus entry. The effects of the lyso- somotropic agent ammonium chloride on SER virus/SV5-infected cells were also compared. Virus replication was found to be completely inhibited in cells infected with SER virus in the presence of BFLA1 at concentrations as low as 0.1 M, whereas BFLA1-treated SV5-infected cells showed no change in viral titers (Fig. 4A) . SER virus replication was also inhibited in the presence of ammonium chloride at a concentration of 100 mM, whereas SV5 replication was not inhibited (Fig.  4B) . SER virus replication was unaffected when the inhibitors were added at 1 h postinfection, indicating that the drugs affect an early step during SER virus entry (data not shown). These results provide evidence that SER virus entry is low-pH dependent. The present study analyzed the effect of temperature on different aspects of SER virus F-induced membrane fusion, including hemifusion, content mixing, and syncytium formation. We previously found that cells coexpressing wt SER virus F and HN protein showed minimal lipid mixing or content mixing with labeled RBCs which was restricted to single cells at 37°C (35) . At elevated temperatures, we found enhanced dye transfer to syncytia, and at 55°C or 65°C, the dyes were transferred to larger syncytia. A similar temperature dependence was observed when cell-cell fusion was assayed, which supports the conclusion that the extended CT results in an increased requirement for thermal energy for conversion of SER virus F to a fusion-active state. It was previously reported that the SV5 WR strain F protein caused fusion with coexpressed influenza virus HA only at elevated temperatures, indicating that a metastable native fusion-inactive conformation is triggered by elevated temperatures to change to a fusion-active state (28) .
We also observed that cells in which SER virus F was coexpressed with SER virus HN showed low-pH-dependent hemifusion activity and content mixing with labeled RBCs as well as syncytium formation under pH conditions ranging between pH 4.8 and 6.2, but no fusion was observed under conditions of higher pH (pH 6.4 to 7.4). Neither the wt SER virus F nor an SER virus F mutant that showed extensive fusion at neutral pH was able to mediate fusion under pH conditions below pH 4.8. The SER virus F protein expressed alone did not exhibit fusion activity under reduced pH conditions, indicating that the trigger for fusion activity of the F protein also requires the presence of HN-receptor interaction under conditions of reduced pH.
Conformational changes within viral fusion proteins have been postulated to play an important role in the promotion of membrane fusion. The influenza virus HA protein is the bestcharacterized example of a fusion protein triggered by low pH (4, 37) . The observation of changes in antigenicity of HA with a change in pH indicates that structural rearrangements occur throughout the molecule (8, 26, 40, 41, 48) . It has also been shown that activation of HA membrane fusion in vitro is temperature dependent; influenza viruses that fuse membranes at 37°C and pH 5.6 can also fuse at 62°C and pH 7.0 (5, 30, 42) . Changes in the susceptibility of the Sendai virus F glycoprotein to proteolysis following incubation at an elevated temperature which promoted fusion suggested that a change in conformation also occurs (43) . The finding of a low-pH-dependent fusion activity in the SER virus F protein is unusual for a paramyxovirus. The fusion activity of other paramyxoviruses is pH independent, and virus entry is thought to occur by fusion of the viral envelope with the plasma membrane (44) . Many other enveloped viruses (such as orthomyxoviruses, alphaviruses, flaviviruses, and rhabdoviruses) with low-pH-dependent fusion activity enter host cells by endocytosis. The acidification which occurs in the endosome triggers conformational changes in the fusion proteins, exposing the hydrophobic portions of the protein and leading to fusion of the viral envelope with the endosomal membrane. A previous study of fusion of NDV with COS-7 cells reported an enhancement in fusion at acidic pH (31) . However, unlike SER virus, NDV also induces fusion at neutral pH, and it was suggested that NDV has a dual mode of entry (via the plasma membrane or an endocytic pathway) (31) . The present results, showing that proton ATPases block SER virus infection, support the conclusion that a low-pH entry mechanism operates for SER virus.
